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Photon–photon interactions represent an important class of physics processes at the LHC, where quasi-
real photons are emitted by both colliding protons. These reactions can result in the exclusive production 
of a ﬁnal state X , p + p → p + p + X . When computing such cross sections, it has already been shown 
that ﬁnite size effects of colliding protons are important to consider for a realistic estimate of the cross 
sections. These ﬁrst results have been essential in understanding the physics case of heavy-ion collisions 
in the low invariant mass range, where heavy ions collide to form an exclusive ﬁnal state like a J/Ψ
vector meson. In this paper, our purpose is to present some calculations that are valid also for the 
exclusive production of high masses ﬁnal states in proton–proton collisions, like the production of a pair 
of W bosons or the Higgs boson. Therefore, we propose a complete treatment of the ﬁnite size effects of 
incident protons irrespective of the mass range explored in the collision. Our expectations are shown to 
be in very good agreement with existing experimental data obtained at the LHC.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
A signiﬁcant fraction of proton–proton collisions at large ener-
gies involves quasi-real photon interactions. This fraction is dom-
inated by elastic scattering, with a single Born-level photon ex-
change. The photons can also be emitted by both protons, where a 
variety of central ﬁnal states can be produced. The proton–proton 
collision is then transformed into a photon–photon interaction and 
the protons are deﬂected at small angles. At the LHC, these reac-
tions can be measured at the energies well beyond the electroweak 
energy scale. This offers an interesting ﬁeld of research linked to 
photon–photon interactions, where the available effective luminos-
ity is small, relative to parton–parton interactions, but is com-
pensated by better known initial conditions and usually simpler 
ﬁnal states. Indeed, for high energetic proton–proton collisions, at a 
center of mass energy s, the idea is to search for the exclusive pro-
duction of a ﬁnal state X through the reaction p + p → p + p + X . 
Therefore, the initial state formed by both photons is well-deﬁned, 
while the ﬁnal state formed by X with no other hadronic activity 
is much simpler than in a standard inelastic proton–proton inter-
action. In the following, we write this reaction as pp(γ γ ) → ppX .
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SCOAP3.In order to compute the cross section for the process pp(γ γ ) →
ppX , we need to consider that each of the two incoming protons 
emits a quasi-real photon which fuse to give a centrally produced 
ﬁnal state X (γ + γ → X). This calculation relies on the so-called 
equivalent photon approximation (EPA) [1–5]. The EPA is based on 
the property that the electromagnetic (EM) ﬁeld of a charged par-
ticle, here a proton, moving at high velocities becomes more and 
more transverse with respect to the direction of propagation. As 
a consequence, an observer in the laboratory frame cannot dis-
tinguish between the EM ﬁeld of the relativistic proton and its 
transverse component, which can be labeled as the transverse EM 
ﬁeld of equivalent photons. This implies that the total cross section 
of the reaction pp(γ γ ) → ppX can be approximately described as 
a photon–photon fusion cross section (γ γ → X) folded with the 
equivalent photon distributions f (.) for the two protons
σ(p + p → p + p + X)
=
∫ ∫
f (ω1) f (ω2)σγ γ→X (ω1,ω2)
dω1
ω1
dω2
ω2
, (1)
where ω1,2 represent the energies of the photons and are inte-
grated over. For each photon, the maximum energy is obviously 
the energy of the incident proton 
√
s/2. However, there is also 
the constraint that the highest available energy for one photon is 
of the order of the inverse Lorentz contracted radius of the pro-
ton, γ /rp , where rp represents the proton radius. Let us note that  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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and the rapidity of the two photons system is deﬁned as yγ γ =
0.5 ln[ω1/ω2].
In Eq. (1), the photon distributions f (.) are already integrated 
over the virtuality (Q 21,2) of the photons. As this dependence is 
of the order of 1/Q 21,2, this justiﬁes the approximation that both 
photons are quasi-real.
We can remark that for practical issues, the situation may be 
more complex. Indeed, each proton can either survive and, then, 
is scattered at a small angle, as considered above. This is the case 
of elastic emission. Elastic two-photon processes yield very clean 
event topologies at the LHC: two very forward protons measured 
away from the interaction point and a few centrally produced par-
ticles (forming the ﬁnal state X). But, it is also possible that one 
or both protons dissociate into a hadronic state. This is the case of 
inelastic emission. In this paper, we restrict the discussion to the 
elastic case.
Let us note also that the calculations presented in this paper are 
commonly used for heavy-ion collisions, where the EPA approxi-
mation can be applied similarly. Only the charges and the radii of 
the incident particles are modiﬁed in this case.
Previous studies have been done using Eq. (1) in order to com-
pute cross sections at LHC energies for various photon–photon pro-
cesses in proton–proton collisions, pp(γ γ ) → ppX , corresponding 
to different ﬁnal states X [6,7]. Some results are displayed in Fig. 1. 
The exclusive production of pairs of muons and pairs of W bosons 
have been generated using the Herwig++ generator [8]. The ex-
clusive production of pairs of photons has been generated using 
the FPMC generator [9] at large Wγ γ where the γ γ → γ γ cross 
section is dominated by one-loop diagrams involving W bosons 
[10]. Finally, the exclusive production of the Higgs boson is com-
puted according to higgs effective ﬁeld theory (HEFT) [11]. Obvi-
ously, this last reaction appears as a point in Fig. 1, representing 
the total cross section, at the Higgs mass.
In this paper, our purpose is to generalize Eq. (1) to the physics 
case where the impact parameter dependence of the interaction 
cannot be neglected [12]. In particular, we show that this approach 
is needed when we take in consideration the ﬁnite size of colliding 
protons (or heavy-ions) in the calculations. This is not new in the 
sense that these ﬁnite size effects have already been encoded in 
the Starlight Monte Carlo [13] dedicated to heavy-ion collisions. 
Let us note that Starlight is not restricted to photon–photon inter-
actions but can also be used in photon–Pomeron conﬁgurations, as 
it is done at LHCb [14]. However, Starlight is focused mainly on 
the low invariant mass domain around the mass of the J/Ψ , which 
justiﬁes some approximations made for example by neglecting the 
magnetic form factors.
In the following we develop some calculations that are valid 
also for the exclusive production of high masses ﬁnal states in 
proton–proton collisions, like the production of a pair of W bosons 
or the Higgs boson. Therefore, our purpose in this paper is to pro-
pose a complete treatment of the ﬁnite size effects of incident 
protons irrespective of the mass range explored in the collision. 
In Section 2, these calculations are presented extensively. Then, 
results are discussed in Section 3 and compared to existing mea-
surements.
2. Impact parameter dependent equivalent photon method
Deriving the expression of the equivalent photon distribution 
of the fast moving proton without neglecting the impact param-
eter dependence means that we determine this distribution as a 
function of the energy of the photon and the distance b to the 
proton trajectory. This distance is deﬁned in the plane transverse 
to the proton trajectory. Therefore we speak of transverse distance. Fig. 1. Cross sections of various processes pp(γ γ ) → ppX , differential in the 
photon–photon center of mass energy. For the exclusive Higgs production, the total 
cross section is shown. The exclusive production of pairs of photons has been gen-
erated at large Wγ γ where the cross section is dominated by one-loop diagrams 
involving W bosons.
This last dependence is not present in the approach based on for-
mula (1). Following calculations presented in [15,16], the general 
equivalent photon distribution read
n(b,ω) = αEM
π2ω
∣∣∣∣
∫
dk⊥k2⊥
F
(
k2⊥ + ω
2
γ 2
)
k2⊥ + ω
2
γ 2
J1(bk⊥)
∣∣∣∣
2
(2)
where γ is the Lorentz contraction factor, ω and k⊥ represent the 
energy and transverse momentum of photons respectively. In this 
expression, F (.) is the proton form factor, electric and magnetic, 
that we develop explicitly below. Let us note that n(b, ω) depends 
only on the modulus of the impact parameter as obviously this 
quantity does not depend on the orientation of b. We can in-
troduce the virtuality of the photon Q 2 = −k2 = k2⊥ + ω
2
γ 2
. Then, 
expression (2) becomes
n(b,ω) = αEM
π2ω
∣∣∣∣
∫
dk⊥k2⊥
F (Q 2)
Q 2
J1(bk⊥)
∣∣∣∣
2
, (3)
After developing the complete expression of the form factor F (.), 
we get
n(b,ω) = αEM
π2ω
∣∣∣∣
∫
dk⊥k2⊥
GE(Q 2)
Q 2
×
[
(1− x)4m
2
p + Q 2μ2p
4m2p + Q 2
+ 1
2
x2
Q 2
k2⊥
μ2p
] 1
2
J1(bk⊥)
∣∣∣∣
2
,
(4)
where x is the energy fraction of the proton carried by the photon, 
given by x = 2ω/√s. Let us note that the electromagnetic cou-
pling strength αEM is taken to be αEM(Q 2  0 GeV2) = 1/137.036
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gies of the photon, as function of the transverse distance b (see text).
throughout our calculations, following the property that the pho-
tons entering the interaction are quasi-real (see Section 1).
The relation (4) for n(b, ω) corresponds to the equivalent pho-
ton distribution (for one proton) when the impact parameter de-
pendence is taken into account. Equivalent photon distributions 
are presented in Fig. 2, as a function of the impact parameter for 
different energies of the photon. The overall shapes of these dis-
tributions can be understood easily. At very large b values, n(b, ω)
behaves asymptotically as 1b e
−2ωb/γ for what concerns its b depen-
dence. At very small b values, the photon distributions are damped 
due to the effects of form factors and ﬁnite size of the proton. We 
can remark that Eq. (1) can be re-derived from expression (4) after 
replacing f (ω1) by the integral of n(b1, ω1) for all b1, and simi-
larly for the second photon variables independently. Indeed
f (ω) = e
2
πω
∫
d2k⊥
(2π)2
( F (k2⊥ + ω2γ 2
)
k2⊥ + ω
2
γ 2
)2
|k⊥|2,
where we have used the generic expression for the form factor of 
the proton, as in Eq. (2).
The full expression (4) is necessary when we want to take into 
account effects that depend directly on the transverse space vari-
ables of the reaction. Therefore, when we consider the ﬁnite sizes 
of colliding protons, we need to do the replacement
f (ω1) f (ω2) →
∫ ∫
n(b1,ω1)n(b2,ω2)d2b1d2b2, (5)
where the bounds of integrations on the transverse distances b1
and b2 prevent from performing the integrations independently. 
Indeed, there are important geometrical constraints to encode: 
the two photons need to interact at the same point outside the 
two protons, of radii rp , while the proton-halos do not overlap. 
This implies minimally that b1 > rp , b2 > rp and |b1 − b2| > 2rp
(see Fig. 3). The last condition clearly breaks the factorization in 
the variables b1 and b2 of the integral (5). In these conditions, 
the proton radius rp is the two-dimensional radius, determined 
in the transverse plane, that will be taken to be 0.64 ± 0.02, as 
measured in the H1 experiment [17]. Let us note that it would be 
possible to keep the factorization by imposing stronger constraints, 
like b1,2 > 2rp . However, this last condition prevents conﬁgurations 
where the two protons are very close and produce very energetic 
photon–photon collisions. This is not what we want.Fig. 3. Schematic view of the two protons and the transverse distances b1 and b2. 
The difference b = b1 − b2 is also pictured. This is clear from this view that the ge-
ometrical non-overlapping condition of the two protons corresponds to |b1 − b2| >
2rp .
Fig. 4. Function Pnon-inel(b) = |1 − Γ (b)|2 compared with the step function 
Θ(b − 2R). P (b) represents the probability for no inelastic interaction in a proton–
proton collision at impact parameter b.
Eq. (5) is a ﬁrst step towards encoding ﬁnite size effects. It can 
be reﬁned by including the proton–proton interaction probability, 
which depends explicitly on the transverse variables, Pnon-inel(|b1−b2|). Then, Eq. (5) becomes
f (ω1) f (ω2)
→
∫ ∫
n(b1,ω1)n(b2,ω2)Pnon-inel
(|b1 − b2|)d2b1d2b2, (6)
where the bounds of integrations are still b1 > rp , b2 > rp . The 
non-overlapping condition |b1 − b2| > 2rp is not needed any 
longer. It follows as a consequence of the effect of the function 
Pnon-inel(|b1 − b2|). Indeed, this function represents the probability 
that there is no interaction (no overlap) between the two collid-
ing protons in impact parameter space. Following [18], we make 
the natural assumption that a probabilistic approximation gives a 
reasonable estimate of the absorption effects. Then, we can write 
[18]
Pnon-inel(b) =
∣∣1− exp(−b2/(2B))∣∣2,
where the value of B = 19.7 GeV−2 is taken from a measurement 
at 
√
s = 7 TeV by the ATLAS experiment [19] (see Fig. 4). At √s =
13 TeV, we will use the extrapolated value B = 21 GeV−2. In Fig. 4, 
we compare Pnon-inel(b) with the step function Θ(b −2rp), which is 
the ﬁrst approximation that we have described above to quantify 
a non-overlapping condition between both protons. We see that 
both functions are roughly comparable. However, we can expect 
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by the interacting photons, x1 and x2.
some deviations when performing more accurate computations of 
cross sections using Pnon-inel(b) in Eq. (6), and then in Eq. (1).
3. Results
Following the previous section, the ﬁrst important issue is to 
quantify the size of the correction when we take into account the 
ﬁnite size of colliding protons. We deﬁne the survival factor as
S2γ γ =
∫
b1>rp
∫
b2>rp
n(b1,ω1)n(b2,ω2)Pnon-inel(|b1 − b2|)d2b1d2b2∫
b1>0
∫
b2>0
n(b1,ω1)n(b2,ω2)d2b1d2b2
,
(7)
where the numerator contains the ﬁnite size effects encoded in the 
function Pnon-inel(b) and dedicated bounds of the integrations over b1 and b2, whereas the denominator represents the integral over 
all impact parameters with no constraint.
Trivially, this factor will always be smaller than unity. Then, 
the deviation with respect to unity will quantify the overestima-
tion done when the ﬁnite size effects are neglected. This is ﬁrst 
illustrated in Fig. 5, where we present the two-dimensional de-
pendence of S2γ γ as a function of x1 and x2, the energy fractions 
of the protons carried by the interacting photons. Then, the sur-
vival factor is displayed as a function of experimentally measurable 
variables in Figs. 6 and 7. Fig. 6 presents the behavior of the sur-
vival factor as a function of the center of mass energy of the 
photon–photon system (Wγ γ ) at zero rapidity. Different curves are 
displayed corresponding to the different center of mass energies 
for the proton–proton collision. We observe a common feature. 
For all curves, the survival factor is decreasing as a function of 
Wγ γ , to reach values of 0.3 at Wγ γ = 1 TeV for √s = 7 or 8 TeV
and 0.43 at Wγ γ = 1 TeV for √s = 13 TeV. This is a large ef-
fect, due to the fact that for larger values of Wγ γ , smaller values 
of b = |b1 − b2| are probed, and thus the integral at the numer-
ator of the survival factor (7) becomes smaller. Indeed, when the 
photon–photon energy becomes larger and larger, this is under-
standable that the probability of no inelastic interaction becomes 
smaller and smaller. Fig. 6 illustrates the behavior of the survival 
factor as a function of the rapidity of the photon–photon system, 
for different Wγ γ . Obviously, we observe the same effect as in 
Fig. 6, that when Wγ γ increases the survival factor decreases. In 
addition, this ﬁgure shows the small dependence as a function of 
the rapidity yγ γ . Let us note that for possible measurements at 
the LHC, the rapidity domain covered is close to zero. Therefore, 
the dependence in yγ γ is a marginal effect.Fig. 6. The survival factor at zero rapidity as a function of the photon–photon center 
of mass energy.
Fig. 7. The survival factor for different the photon–photon center of mass energies 
displayed as a function of the rapidity of the photon–photon system.
Table 1
Comparison of total cross sections at 
√
s = 13 TeV for different processes pp(γ γ ) →
ppX with and without proton survival factor applied.
Process σtot σtot ⊗ S2γ γ 〈S2γ γ 〉
γ γ → H (MH = 125 GeV) 0.15 fb 0.11 fb 0.74
γ γ → μ+μ− (Wγ γ > 40 GeV) 12 pb 10 pb 0.8
γ γ → μ+μ− (Wγ γ > 160 GeV) 36 fb 25 fb 0.7
γ γ → W+W− 82 fb 53 fb 0.65
γ γ → γ γ (Wγ γ > 200 GeV) 0.06 fb 0.04 fb 0.64
As a second step, we can compute cross sections for various 
processes pp(γ γ ) → ppX taking correctly into account the ﬁ-
nite size effects of incident protons and thus the survival factor. 
As discussed in the previous section, this requires Eq. (1) with 
the replacement (6). A set of predictions is presented in Table 1, 
where total cross sections are shown, cumulative in Wγ γ above 
the bounds indicated in Table 1. For the exclusive production of 
pairs of W bosons, this is the natural bound which applies of 
2MW .
Finally, we can compare our results with the experimental mea-
surements available. Recently, the CMS experiment has measured 
exclusive pair of muons production [20] and has reported the value 
of S2γ γ to be 0.83 ± 0.15 for invariant masses of the photon–
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tations from Fig. 6, which, convoluted with the elementary cross 
section in this kinematic range, gives a survival factor of 0.84. In 
addition, in the analysis of the exclusive production of pairs of 
W bosons by the CMS experiment [21], using exclusive muons 
production as a benchmark, the measured survival factor S2γ γ is 
found to be about 10% smaller that the one above for invariant 
masses above 40 GeV. This is also consistent with our expectations 
(S2γ γ = 0.76 in this kinematic domain).
4. Conclusion
The exclusive production of a ﬁnal state X , pp(γ γ ) → ppX , 
represents an essential class of reactions at the LHC, mediated 
through photon–photon interactions. The interest of such processes 
is due to their well-known initial conditions and simple ﬁnal state. 
In this paper, we have presented a complete treatment of ﬁnite 
size effects of colliding protons, needed to compute the corre-
sponding cross sections for these reactions. We have derived a 
survival factor that quantiﬁes the deviation of the complete treat-
ment with respect to no size effect.
We have shown that the survival factor is decreasing as a func-
tion of mass of the photon–photon system (Wγ γ ), to reach val-
ues of 0.3 at Wγ γ = 1 TeV for √s = 7 or 8 TeV and 0.43 at 
Wγ γ = 1 TeV for √s = 13 TeV. This is a large effect, due to the 
fact that for larger values of Wγ γ , the probability of no inelastic 
interaction becomes smaller and smaller and so the survival fac-
tor. The key point of our approach is that it is valid for the full 
spectrum of invariant masses produced in the ﬁnal state, and thus 
for high masses ﬁnal states, like the production of a pair of W
bosons or the Higgs boson. This allows a direct comparison with 
experimental results already obtained at the LHC beyond the elec-
troweak scale, where a very good agreement has been observed 
between our expectations and the measurements.
Finally, we remind that these calculations are commonly used 
for the physics case of heavy-ion collisions. For example, this al-
ready exists with some approximations in the Starlight Monte 
Carlo, mainly focused on the low invariant mass domain around 
the mass of the J/Ψ . A complication, properly taken into account 
in Starlight, arises in such collisions, due to the large value of 
the charges of the ions. Then, photon–photon interactions may be accompanied by additional electromagnetic reactions, such as 
photo-nuclear interactions, and the ions that come out from the 
collisions may be produced with some neutrons.
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